The relevance of geometric details to the generation and propagation of noise from leading-edge slats is considered. Typically, such details are omitted in computational simulations and modelscale experiments thereby creating ambiguities in comparisons with acoustic results from flight tests. The current study uses two-dimensional, computational simulations in conjunction with a Ffowcs Williams-Hawkings (FW-H) solver to investigate the effects of previously neglected slat "bulb" and "blade" seals on the local flow field and the associated acoustic radiation. The computations show that the presence of the "blade" seal at the cusp in the simulated geometry significantly changes the slat cove flow dynamics, reduces the amplitudes of the radiated sound, and to a lesser extent, alters the directivity beneath the airfoil. Furthermore, the computations suggest that a modest extension of the baseline "blade" seal further enhances the suppression of slat noise. As a side issue, the utility and equivalence of FW-H methodology for calculating farfield noise as opposed to a more direct approach is examined and demonstrated.
INTRODUCTION
During aircraft approach and landing, a significant portion of the airframe noise propagated to the ground is generated by the deployed high-lift system. Minimizing the noise on approach is important for the quality of life of residents living near airports as well as to extend airport operations beyond the current normal hours. Among the various high-lift components, the leading-edge slat and the side edges of the flaps have been identified as prominent airframe noise sources [1] [2] [3] [4] . For practical reasons, mostly model-scale experiments have been relied upon to provide insight on sound generation and the radiated acoustic field 3, [5] [6] [7] . When compared with a full-scale high-lift system, most of the models studied lack certain geometric details that are omitted in order to reduce model manufacturing cost or ease production. Such omissions always create certain ambiguities when directly comparing the acoustic signatures of scaled models and flight tests.
mid-frequency broadband component, with a peak at a St frequency in the range of 1-3, followed by a high-frequency tonal component that resides anywhere between St = 10 and 50. The high-frequency tonal sound, which can be extremely loud, is caused by shed vortices from the finite-thickness trailing edge 11, 12 . At full-scale, however, the slat trailing edge on most aircraft remains relatively thin (on the order of 0.05 inches or 1.3 mm for a Boeing 777). Accordingly, the frequencies associated with trailing-edge shedding reside in the frequency range where the radiated sound becomes unimportant. Therefore, the high-frequency tonal component depicted in Fig.1 is an issue of concern during model-scale experiments only and should not be considered when modeling slat noise from full-scale aircraft.
Extensive computational simulations [13] [14] [16] [17] [18] in conjunction with particle image velocimetry measurements 15, 19 of the slat cove flow field have revealed the cause-and -effect relationship between the coherent structures of the free-shear layer at the cusp and the low-frequency broadband component of the acoustic spectrum. Slat cove cover 3 and slat cove filler [20] [21] [22] [23] modifications that either delay or altogether remove shear layer formation have been shown to alter the radiated sound, and in the case of the cove filler, reduce the broadband noise by 3-4 dB. Alternatively, the application of acoustic liner treatments 24 or steady suction 25 on the slat cove surface can also be used to attenuate the generated noise. The impact of these noise reduction concepts underscores the importance of the cove flow originating at the cusp and how its alteration may provide substantial noise benefits. The relevance of the shear flow initiating from the cusp has been the motivating factor behind our conjecture that the presence of the blade seal may lower the slat noise signature. Indeed, it may prove to be a plausible explanation for the discrepancies between the model-scale acoustic results and flight test data observed by Stoker 8 . However, the 26% scale STAR model (tested extensively at A generic slat acoustic spectrum based on Strouhal frequency.
NASA Ames Research Center 20 and the source of the data used by Stoker et al. 8 ) was of relatively high geometric fidelity. That is, while lacking a bulb seal, the 26% slat did possess a blade seal. Sectional cuts of the 26% slat revealed that the streamwise extent of the STAR model's blade seal was 8% to 9% of the local slat chord. This is a slightly smaller percentage than the 11% figure for the full-scale aircraft that was provided to the authors by Boeing engineers (Private communication with Robert Stoker) prior to the start of the present study. To make the matter even more ambiguous, we understood the full-scale slat blade seal to be comprised of the two segments that are prominent in Fig. 1 -a smaller metallic portion that resides at the cusp, and a fiberglass component that extends beyond the metallic segment. Post computation inquiries to Boeing (Private communications with Yueping Guo) have revealed the metallic and fiberglass segments to be 6% and 9% of the slat local chord, respectively. Their combined length is on the order of 15% of the slat local chord, which is substantially larger than our perceived length of the blade seal, or what was tested on the STAR model. The metallic part is considered by Boeing engineers (recent private communications with Yueping Guo) to be part of the baseline slat geometry. Only the fiberglass segment is regarded as the true blade seal. Since this differentiation is irrelevant with regard to the flow field at the cusp -it is affected by the total length of the piece -our interpretation of the "blade seal" will be used here: the cusp location is considered to be the intersection of the slat suction and pressure surfaces. Given the above differences and the ambiguities of the acoustic comparison between model-scale and full-scale results, the present effort is an attempt to investigate the effects of the blade seal on the slat aeroacoustics via computational simulations. The work also highlights the fact that small geometric details may exert too much influence for their effects to be neglected for a particular flow field. This research was conducted during the 2003-2004 timeframe as part of a larger effort to understand the underlying physics of slat noise generation.
COMPUTATIONAL PROCEDURE
The present computational framework follows a hybrid approach consisting of a highly resolved two-dimensional (2-D) CFD solution of the local flow unsteadiness (noise sources) which is then used as input to a FW-H acoustic formulation to obtain the propagated sound field and directivity pattern. The approach was outlined in our previous work; 26 hence, only a brief overview is given below.
Flow solver
CFL3D, the code used to compute the flow field, solves the compressible, threedimensional, time-dependent, thin-layer Navier-Stokes equations with a finite-volume formulation. Numerous turbulence models are provided in CFL3D, including 0-, 1-, and 2-equation models. Following our previous studies 13, 14, 16 , the 2-equation shear stress transport (k-ω) model of Menter 27 was selected as the turbulence model for the present problem. Given the success of our earlier zonal approach 13, 14 , the flow in the slat cove region is assumed to be quasi-laminar (driven by the large-scale structures of the free shear layer originating at the cusp). Accordingly, the production term associated with the turbulence model is switched off in a limited zone that encloses the cove area.
All current computations were performed using second-order-accurate time discretization and the "dual-time stepping" method. 28 Between 25-30 subiterations, in conjunction with 3-level V-type multigrid cycles, are utilized to ensure a minimum of two orders of magnitude drop in both the mean-flow and turbulence-model residuals during each time step.
FW-H solver
Despite continued advances in computational resources and numerical algorithms, it is still prohibitively expensive and often infeasible to attempt to resolve wave propagation from near-field sources to far-field observers. Integral techniques that can predict the far-field signal based solely on near-field input are a means to overcome this difficulty. The Ffowcs Williams Hawkings (FW-H) 29 equation is an exact rearrangement of the Navier-Stokes equations that allows one to determine the acoustic signal at distant observer locations if the details of the source region are already known. Hence, the Navier-Stokes equations still need to be solved, but only where nonlinear and viscous effects are important. All of the linear propagation can be determined by the FW-H equation. For three-dimensional flows, the time-domain FW-H formulations developed by Farassat 31 are efficient and amenable to numerical computations. Some additional efficiency can be obtained by restricting the source to uniform, rectilinear motion. As an alternative to the time-domain formulation, the FW-H equation can be solved in the frequency domain, which can be useful if one is only interested in analyzing certain frequencies. Thus, the FW-H frequency domain solver described by Lockard 30 was used to predict the acoustic signature at various observer locations using unsteady flow data from the CFD calculation. The volumetric quadrupole term includes effects such as nonlinear propagation and refraction. In this work, the FW-H integration surface is placed outside of the region with large flow gradients; as such, the volumetric quadrupole contribution should be small and can be neglected.
Geometry and grid
The geometry under consideration corresponds to a Boeing 777 high-lift system. A sectional profile of the high-lift system in a landing configuration, used for the company's internal CFD computations, was provided to us by Boeing researchers (Private communication with Robert Stoker). To simplify the task of grid generation and the subsequent computations, we have made the main element and flap trailing edges sharp while maintaining their respective cambers. However, the finite thickness of the slat trailing edge was maintained during all the simulations. Note that the slat profile provided has a trailing edge thickness of 4.1 mm (0.16 inches). This is three times the thickness of a manufactured full-scale slat. Rather than altering the slat thickness to make it comply with the full-scale value, we have stayed with the profile that was provided to us knowing that the resulting vortex shedding from the edge would be at much lower frequencies than those encountered in flight. Figure 3 displays the 2-D profile (along the direction normal to the leading edge of the wing) of the various elements in the simulated landing configuration. In the stowed position, the wing chord, C, is 6.18 m (243.26 inches) long. The slat chord C s is 0.66 m (26 inches). Figure 4 displays an expanded view of the two additional geometric details that have been added to the B777 slat geometry in order to approach the fidelity of a full-scale production slat. The effectiveness of a longer blade seal in suppressing slat noise is also examined. The extent of the added length to the baseline blade seal is shown by the broken line in Fig. 4 . The blade seal is incorporated into the geometry as a zero thickness solid line on which the no-slip boundary condition is enforced on both interior and exterior sides. The length of the baseline and extended blade seals are approximately 11% and 28% of the slat chord, respectively. The selected length of the extended blade seal was arbitrary and driven by our desire to have a dimension that is much longer than the standard blade seal but not so large that it resembles a slat cove filler.
Consistent with the objective behind this work, the computational grid was designed to provide appropriate spatial resolution of the flow field near the slat. The extent of the simulated domain and an expanded view of the grid distribution surrounding the high-lift system are shown in Fig. 5 . The front, top, and bottom boundaries are placed 11 chords away from the leading edge of the main element while the downstream boundary is 22 chords away. The computational domain surrounding the slat was divided into 24 blocks, with a clustered mesh near the solid surfaces, trailing edge, wake, and cove. The extreme concentration of mesh points in the slat cove area (appearing as a large dark zone in the grid shown in Fig. 5b ) is deliberate and was constructed for the purpose of accurately capturing the free shear layer emanating from the slat cusp. In the cove region, along the shear layer direction, the grid spacing falls within the range of 0.4 mm to 1.7 mm (in the transverse direction, the spacing is usually two or three times finer) with the majority of the cells having a dimension that is close to 1.0 mm. This range of spacing provides a resolution of 10-45 points per wavelength for a 4 kHz hydrodynamic fluctuation. The achieved resolution is more than adequate to capture the dynamics of the shear layer large-scale structures. The frequencies associated with these structures are typically below 2 kHz. Given that a good portion of the spectral broadening of the flow field is caused by non-linear effects (frequency doubling by the quadratic terms in the Navier-Stokes equations), it is expected that the computed spectra within the cove region may contain frequencies as high as 6-8 kHz. In the vicinity of the slat trailing edge, the cell sizes are much smaller (about 0.16 mm) than those of the cove, thus providing comparable spatial resolution for frequencies as high as 15 kHz. Note that the spatial resolution becomes five times better for the acoustic waves with comparable frequencies to those of the hydrodynamic perturbations. The fine resolution maintained beneath the high-lift system (at distances greater than a slat chord) is also intentional. Although unnecessary for resolving any of the potential noise sources, it affords us the ability to compare the results obtained from the FW-H solver directly with those extracted from the CFD solution. The overall 2-D grid contains a total of 1.318 million grid points, with nearly sixty percent of the nodes clustered in the vicinity of the slat. In addition, care was taken so that the first point off the solid surfaces is at y + < 1.
As alluded to in section 2.1, a zonal approach is employed in the present study. However, in 2-D mode, the quasi-laminar zonal approach produces large-scale vortical structures within the slat cove region that are excessively energetic. This excess energy was shown by Choudhari and Khorrami 18 to be due to the neglect of 3-D effects, which prevents the onset of secondary instabilities of the spanwise rollers and thus omits conversion of spanwise vorticity into streamwise vorticity. Nevertheless, we believe the current 2-D computations provide sufficient insight into the effects of a blade seal on the slat cove flow field to forego the more expensive 3-D simulations during this initial investigation.
RESULTS
The post-processed results are presented as non-dimensional quantities. The nondimensionalization is with respect to the mean aerodynamic chord C of the stowed wing and the freestream speed of sound (a ∞ ), density (ρ ∞ ), and molecular viscosity (µ ∞ ). For the present case, the reference flow variables are set to match a typical landing condition. The flow conditions for the simulations correspond to M = 0.2 and Re = 10 million. It is noted that the chosen Re is a factor of three smaller than the flight Reynolds number. However, previous wind tunnel acoustic measurements have shown that slat noise sources become independent of Re for values greater than about 7 million 6 . Thus, we believe that simulating the flow field at Re = 10 million has allowed us to accomplish the computations at a much lower cost than the flight Re without sacrificing the acoustic imprint of the leading-edge slat.
A constant nondimensional time step of ∆t = 2.7484 × 10 −4 (corresponding to 200 points per period for a 1000 Hz signal) is used for all simulations. Typically, the simulations are run for 5000-6000 time steps to allow the transient flow field to wash out before collecting or analyzing time records. A typical time-average includes 13000-14000 samples collected every fourth time step. Such a record contains in excess of 25 cycles where each cycle represents the convective time scale sufficient for the flow field to traverse the distance between the slat cusp and the slat trailing edge.
A preliminary scrutiny of the simulated results made it clear that the presence of the bulb seal has only a small effect on the slat-cove flow dynamics. Most of the unsteadiness develops in the region of high shear separating the recirculation zone from the flow through the gap. Vorticity that becomes trapped in the recirculation zone propagates relatively passively. The main effect of the bulb seal is to create a different path for the trapped flow features. Therefore, for the present study, the slat with the bulb seal is considered to be the baseline case against which the influence of adding the blade seal is to be judged. All computations are conducted at 6 degrees angle-of-attack to mimic a typical approach condition.
Surface pressure and global velocity field
From the global perspective and within the accuracy of the current simulations, the addition of the baseline or the extended blade seal to the slat geometry produces no measurable change in the total lift or drag coefficients (C L and C D ). That is, the overall aerodynamic efficiency of the high-lift system remains unaffected. To illustrate the point, the pressure distribution on all three elements for the cases of no blade seal and the extended blade seal are presented in Fig. 6 . The computed pressure coefficients are virtually identical and depict a typical pressure distribution on a multi-element high-lift system. The pressure at the leading edge of the main wing shows a double peak, with the secondary peak being caused by the discontinuity in the second derivative of the surface profile at the location where the trailing edge of the retracted slat resides. The pressure distribution over the flap indicates large-scale flow separation that covers a significant portion of the upper (suction) surface. The overly large extent of the flap separation is mostly attributed to the 2-D nature of the simulations, which curtails the ability of the flow to breathe in the spanwise direction. In addition, the sharpening of the flap trailing edge thickness adds a small but measurable amount of adverse streamwise pressure gradient.
The time averaged global velocity (magnitude) contours for the case without the blade seal are shown in Fig. 7 . High-speed flow (low pressure) regions, caused by flow acceleration through the gaps, occur near the leading edges of the main element and the flap. Low speed recirculating flow regions are present within the slat and main element coves. As expected, the presence of flap separation produces an additional low speed flow region. The mean streamlines, in the vicinity of the slat for the case of no blade seal, are displayed in Fig. 8 the path of the recirculating flow on the slat bottom surface, causing separation of the boundary layer and formation of a dead flow zone in the corner region. Certainly, the dead zone would have been present even without the seal present, but to a much smaller extent. Beyond the cove corner, the flow reattaches to the slat surface before separating again near the slat cusp. Except for a moderate enlargement of the secondary separation zone near the cusp, addition of the baseline or the extended blade seal does not alter the character of the cove mean streamlines (Fig. 8) ; therefore, depictions of these streamlines are omitted. 
Slat local flow field
In contrast to the global picture, locally, the addition of the blade seal, and in particular the extended blade seal, has a significant effect on the dynamics of the unsteady flow field within the slat cove. As a prelude to the discussion of the time-dependent flow, it is informative to briefly highlight some of the differences between the mean flow field with and without the blade seal, particularly from the standpoint of noise generation. The mean spanwise vorticity distributions for the cases of no blade, baseline blade, and extended blade seal are shown in Figs. 9a-c, respectively. In the absence of the seal (Fig. 9a) , the flow field displays a very rapid initial growth of the free-shear-layer thickness. This initial rapid thickening is partially due to the immediate roll up of the shear layer into large-scale vortices (rollers) and partially caused by the presence of a spatial jitter in the rollers' positions near the cusp. Beyond this initial stage, the vorticity layer diffuses over a wide spatial band before arriving at the reattachment location. This apparent diffusion of the vorticity layer is caused by the large meandering of the rolled up vortices along their migratory path between the slat cusp and the reattachment location and has less to do with an ordinary viscous diffusion. For the no blade case, the average reattachment point occurs at a distance of 0.095C s from the trailing edge, where C s is the slat chord. At the reattachment point, a portion of the shear-layer vorticity ends up within the cove recirculating zone depicted as a circular outer band of counterclockwise vorticity (Fig. 9a) . The thickness of this band indicates that some of the shear layer vortices end up being trapped within the cove flow field providing the necessary ingredients for a feedback loop to be established inside the cove region. Shear layer development is altered significantly by the placement of the baseline blade seal at the cusp (Fig. 9b) . In contrast to the case without the blade seal, the shear layer thickness grows more in line with a typical splitter-plate mixing layer and has a well-defined outline. Moreover, the shear layer maintains high vorticity levels over a longer distance indicating that discrete vortices travel toward the reattachment location within a narrow spatial band. The reattachment point is moved closer to the trailing edge and now resides at a distance of 0.084C s from the edge. Once again, part of the shear layer vorticity recirculates in an outer spatial ring of the cove. Extending the length of the blade seal further accentuates those aspects of the cove flow field that were affected with the introduction of the baseline blade seal. Notice that the shear layer
Figure 9:
Time averaged spanwise vorticity (C ω / a ∞ ) field.
has a very well defined path and thickness (Fig. 9c) where most of the vorticity is concentrated. Beyond the initial growth, the shear layer maintains a near constant width all the way up to the reattachment location. The constant thickness is due to the shortened developmental path, leaving little opportunity for the shear layer vortices to interact with each other. As such, the vortices do not meander too far away from the mean flow streamlines. With the extended blade seal, the reattachment location is pushed further out towards the trailing edge, residing 0.072C s from the edge. Beyond the reattachment point, the shear layer portion of the counterclockwise oriented vorticity trapped within the cove recirculation zone is mainly confined to a thin layer adjacent to the slat bottom surface and barely survives to make it to the interior of the cove. Figure 9c also shows that a portion of the shear layer vorticity passes over the slat trailing edge and influences the vortex shedding process that is present at the finite thickness edge. Installing a blade seal at the slat cusp has a major impact on the cove flow dynamics and the corresponding noise sources. Sample plots of the instantaneous spanwise vorticity field for the three slat configurations are shown in Fig. 10 . Without the blade seal, the shear-layer vortices are more energetic and follow a more chaotic path as they migrate towards the reattachment point on the slat pressure surface. At the reattachment point, most of the vortices take an inward path and get trapped inside the recirculation zone. The trapped vortices have excessive longevity mainly due to the lack of 3-D effects 18 . The bulb seal acts as a barrier along the path of the vortices on the slat bottom surface, causing separation and roll-up of the boundary layer into vortices of opposite sign vorticity. As indicated earlier, the bulb seal generates a dead flow zone in the corner region, but in the absence of any close by edges, the noise generation implications of such a zone are rather benign. Interaction of the trapped interior vortices with the separation zone at the cusp produces extra flow unsteadiness that significantly affects the shear layer roll-up process. The interaction also imparts the aforementioned jitter to the vortices that are formed immediately downstream of the cusp point.
In contrast, both the baseline and the extended blade seals provide a shorter fetch of the shear layer region, resulting in a more benign process of pairing and merging of the vortices. The presence of the blade seal introduces flow characteristics that are typical of splitter-plate mixing layers. That is, amplification of convective instabilities resulting in a chain of rollers followed by nonlinear interactions and vortex pairing. In fact, in the case of the extended blade seal, the shear layer remains intact over most of the distance between the blade trailing edge and the reattachment point before the rollup process begins and discrete vortices are formed (Fig. 10c) . With the addition of the blade seal, most of the rollers still end up inside the recirculation zone. However, there seems to be less overall activity in the center of the cove region compared to the case without the seal.
A more revealing picture of the cove noise sources and their strengths is obtained via examination of the instantaneous density field. The corresponding dilatation fields for the three simulated slat cases are shown in Fig. 11 . A detailed discussion on the connection between the dilatation field and the noise sources is provided by Lilley 32 and not repeated here. Notice that in the absence of a blade seal, the shear layer vortices emanating from the slat cusp produce significant variations in the rate of dilatation within the cove region. The rollers' footprints on the dilatation field are visible over long distances reaching the reattachment point and the slat trailing edge. With the baseline blade seal, the most prominent changes in the density field are confined to a region near the tip of the blade seal, but, farther downstream, the shear layer vortices leave less of an imprint compared to the case without the blade seal. The extended seal eliminates most of the smaller scale vortices, further diminishes the variation in the density field, and, consequently, reduces the strength of the noise sources. We draw upon the stability characteristics of free shear layers to help explain the cause of this dramatic change in the formation and subsequent behavior of the rollers. For the case without the blade, scrutiny of the computed solutions reveals that the free shear layer near its detachment point is extremely thin (high shear concentration) and possesses a one-sided velocity profile. Scaling with the shear layer local thickness and velocity gradient, the amplified disturbances are short wave instabilities possessing large growth rates. Beyond the nonlinear amplification and shear layer roll up process, the instabilities manifest themselves as strong, small-scale vortices with significant density (pressure) and velocity gradients inside their cores. Placement of the blade seal at the cusp alters important shear layer parameters, including its thickness and the velocity difference across the layer. By introducing a second stream on the interior side, the blade enlarges the shear layer thickness and reduces the velocity difference. Both trends help lower the amplification rate and the wavenumber of the amplified disturbances. Therefore, the rolled-up vortices are generally larger in size and weaker in strength (Fig. 11b) . Extension of the blade seal accentuates the shear layer alterations, resulting in further changes in the thickness and velocity difference. Accordingly, the generated vortices are even larger in size and much more diffused (Fig. 11c ) than those associated with the flow field without the blade seal. The computations revealed the presence of two other sources of flow unsteadiness for the 777 high-lift system that are worth mentioning. Returning to figures 10 and 11, notice that the plots indicate the presence of slat trailing-edge vortex shedding which turns out to be another prominent noise source. As alluded to in the introduction, vortex shedding at the trailing edge is more of a concern during model-scale wind tunnel tests. Nevertheless, in order to make the computed results relevant to both full-scale and model-scale experiments, a detailed discussion of this phenomenon is also included in the paper. The second source of unsteadiness is the separated zone over the flap which produces regular but very low frequency flow oscillations via shedding from the flap trailing edge. The flap wake oscillations, although not the primary target of the present study, do create certain ambiguities when slat far-field noise is sought. We will return to this point in the following section.
Computed far field noise
Unsteady flow data on a permeable integration surface enclosing the wing elements and the slat-cove region is used as input to the code described by Lockard 30 data were also performed but are not presented here because of discrepancies caused by apparent quadrupole contributions in the cove region as discussed by Casper et al 33 . Figure 13 shows the rms pressure directivity patterns of the slat noise for the configurations that were considered. The observers are located on a circle with a radius of 10 chords. The directivity patterns depict a dipole source behavior for the noise oscillating in a direction that is nearly normal to the slat chord. The directivity angle is measured from the downstream direction and increases in the counterclockwise direction. The present results agree with those from recent simulations by Choudhari and Khorrami 18 , conducted for a generic high-lift configuration, and lend much support to the Dobrzynski and Pott-Pollenske 10 acoustic dipole model of slat noise source.
The addition of the blade seal produces a measurable impact on both the broadband and the tonal components of the slat's acoustic signature, significantly diminishing the amplitude of the radiated sound associated with each component. The most pronounced effects occur at an angle of 298 degrees, that is, aft of the overhead direction and correspond to the downward direction along which the highest noise levels are observed. Extending the blade seal further reduces the noise along this direction and, to a lesser extent, alters the directivity pattern. For reasons not fully understood, the addition of the blade seal somewhat increases the magnitude of the flap wake oscillations, despite the fact that in the averaged sense, the total circulation (lift) around each element of the high-lift system remains unchanged. To exclude the flap noise and isolate the slat radiation, the low frequency (sub 50 Hz) fluctuations were filtered out from all the presented acoustic results. The frequency resolution for the computed narrow band spectra is 12 Hz.
The acoustic spectra, computed in 1/3 octave bands at an observer location 10 chords away, are plotted in Fig. 14 . Results for 270 degrees (overhead) and 298 degrees (maximum pressure) are provided. The curves display both the broadband (low to mid frequency) and the tonal (high frequency) components that are prominent in a typical slat spectrum (Fig. 2) . With or without the blade seal, all three spectra peak at frequencies near 150 Hz. Using the slat chord C s , the corresponding Strouhal frequency of 1.5 is in good agreement with the universal curve of Fig. 2 . Moreover, although the noise levels are over predicted, the computed slat broadband noise component for the standard blade seal is in good agreement with the acoustic measurements of the 26% B777 model conducted at NASA Ames 20 both in terms of the spectral shape and the frequency content. The reader is reminded that the 26% model may have possessed a somewhat shorter blade seal than our standard version. However, the higher amplitudes obtained in the present calculations can be attributed to the 2-D nature 18 of the current simulations, which neglect sweep effects as well as the secondary instabilities referred to above. Returning to Fig. 14 , the tonal peak between 3 kHz and 4 kHz (corresponding to St based on slat chord of 29 and 38.7, respectively) is caused by shed vortices at the slat trailing edge. As suspected, due to the unusually thick slat trailing edge, the shedding occurs at much lower frequencies than those that would be encountered in flight. The presence of the baseline blade seal reduces the pressure levels 2-4 dB in the lower frequency range and even more at higher frequencies, providing evidence that geometric fidelity may be partially responsible for the observed differences in spectra from model experiments and flight tests 8 . Assuming that slat noise sources are somewhat smaller in strength than that of other sources on the aircraft, an additional reduction of 4 dB because of the blade seal may make it difficult to observe slat sources, especially when conventional beamforming techniques are applied. The larger blade provides an additional 2-3 dB relief for the low-frequency broadband component of slat noise and significantly diminishes the tonal component. Moreover, it shifts the tonal peak to a much higher frequency. The alteration of the high-frequency tonal noise is best illustrated by the perturbation density field plotted in Fig. 15 . Notice that on the scale shown, the extended blade seal virtually eliminates the propagating shortwave disturbances that emanate from the leading-edge slat.
To explain the cause of this reduction in tonal noise and the shift to higher frequencies, we discuss the local flow field in the slat trailing-edge region (Fig. 16) . As pointed out in previous sections, for the case without the blade seal, the shear layer reattachment point is at its farthest distance from the trailing edge. The shear layer's exterior velocity field has more time to align itself with the slat bottom surface and, therefore, leaves the gap region less inclined to the trailing edge. The resulting local flow field at the trailing edge is wake-like and absolutely unstable, allowing a conventional vortex shedding process to be established. However, due to rapid acceleration of the gap flow and its inherent inclination to the slat contour near the trailing edge, the prominent vortices mostly rotate counterclockwise. The close proximity of the rolled-up vortices to the edge generates large pressure fluctuations at the corners 11 which are then scattered as high amplitude acoustic waves. It should be observed that the shed vortices scale with the trailing-edge height. With the extended blade seal, the shear layer reattachment point is pushed closer to the slat trailing edge causing the gap flow adjacent to the bottom surface to be more upwardly inclined to the edge. Scrutiny of the flow field downstream of the trailing edge reveals a wake profile that possesses extremely high velocity gradients on its lower side but small velocity gradients on the upper side. Therefore, rather than supporting absolute instabilities, the resulting edge flow field is now convectively unstable. Accordingly, the roll up process takes place farther downstream of the edge and the resulting vortices are weaker in nature. We also note that the vortices now scale with the detached boundary layer thickness rather than the trailing edge height and operate at higher frequencies. Correspondingly, the generated pressure signals are at higher frequencies but lower amplitudes which explain the difference in tonal noise behavior between the extended blade and the no blade seal results displayed in figures 14 and 15.
To provide a better understanding of the cause and effect relationship between the time-dependent flow field inside the slat cove region and the farfield broadband noise component, the surface pressure in the cove is examined. Figure 17a displays the narrowband processed surface pressure spectra at the mean reattachment point. A careful examination of Fig. 14 and Fig. 17a reveals that the frequency content and the spectral shape of the farfield noise closely follows the unsteady pressure field registered on the slat bottom surface. We suspect the passage of the unsteady pressure field through the gap and over the slat trailing edge produces the broadband component of the noise which along with the high-frequency pressure signals associated with the shed vortices are scattered by the sharp edge. The root mean square of the fluctuating pressures on the aft portion of the cove surface, covering the distance between the bulb seal and the slat trailing edge, is plotted in Fig. 17b . The abscissa in this figure is the projection of the cove surface, in its deployed position, onto the streamwise coordinate. Although the spectral amplitudes in Fig. 17a appear to be similar, Fig. 17b clearly shows that the fluctuation energy is reduced with the introduction of the blade seal. Except for a spatial band near the shear layer reattachment point that shows elevated magnitude, increasing the blade length reduces the fluctuation energy levels further. Moreover, the spike at the trailing edge, caused by vortex shedding, is virtually eliminated by the extended blade seal.
FW-H vs. CFD comparison
Although FW-H codes have proven to be viable for many aeroacoustic problems, there is danger in viewing them as black boxes. Depending on the flow field under consideration, selecting the integration surface locations, the appropriateness of neglecting the quadrupole terms, and the fidelity of input data require careful consideration. In order to gauge the validity of the formulation and the accompanying assumptions, a direct comparison between acoustic analogy output and those obtained from a CFD simulation can be performed. As described in an earlier section, the high grid resolution achieved underneath the high-lift system, while unnecessary to simulate the noise sources or to apply the FW-H equation, was maintained with this comparison in mind.
For comparison purposes, five distinct locations of successively increasing distance from the slat were selected to probe the CFD results and extract the unsteady pressure data. The spatial locations of probes 1-4 are displayed relative to the high-lift system solid surfaces and the FW-H surface in Fig. 12 widths and can be viewed as spectral density plots. At the first probe location, which is relatively close to the permeable data surface, the two different pressure records are virtually identical. At the second station, the two signals maintain excellent agreement in the low-to mid-frequency range (slat broadband noise component) but the CFD result shows suppression of the high-frequency (tonal noise) component, due to the stretched grid and the low order of accuracy of the flow solver. The CFD records at the two following locations show additional signal degradation at lower frequencies, yet still maintain a degree of resemblance to the FW-H signals. At the last (5 th ) probe location, the CFD pressure signal has lost most of its frequency content and bears little resemblance to the spectrum obtained from the acoustic formulation. This near total loss of the CFD signal is expected due to the presence of a patch interface between the 4 th and 5 th probe stations where the grid coarsens significantly. The comparison is quite reassuring and reaffirms the notion that, given a judicious placement of the permeable surface, FW-H calculations produce results that are equivalent to the more direct but costlier computational approaches. Figures 18a and 18b provide ample evidence of the ability of the acoustic propagation code to reconstruct the convected pressure signal without introducing amplitude or phase distortion. However, the FW-H results are only as good as the input data. Hence, the underlying, central question is how to best simulate the near-field flow where noise generation takes place.
CONCLUSIONS
The influence of two slat geometric details on the local flow field and radiated noise has been studied using two-dimensional, zonal URANS simulations and Ffowcs WilliamsHawkings calculations. A Boeing 777 high-lift system was used for the study. The simulations showed that a "bulb" seal contributes to a dead zone in the slate cove, but does not appear to have any significant influence on global flow characteristics or noise generation. However, the addition of a "blade" seal to the slat cusp alters the shear layer characteristics, reducing the strength of the vortices growing in the layer. Furthermore, the migratory path of the vortices is confined to a narrower band, and the reattachment point is moved closer to the trailing edge. Calculations with an extended blade seal revealed further weakening of the shear layer vortices. The longer blade seal also altered the wake instability behavior at the slat trailing edge, resulting in much weaker shed vortices. The noise calculations demonstrated that the addition of the blade seal significantly reduces the radiated noise in a manner consistent with the changes in the local flow field. The extended blade seal provided additional noise benefits at the lower frequencies, and significantly diminished the high-frequency tonal sound. Comparisons between the noise calculations and direct CFD results were used to demonstrate that the FW-H solver could produce nearly identical results at a fraction of the computational cost. However, the noise predictions are still only as good as the underlying simulations of the noise sources. Although the overall findings on the impact of the blade seal are mostly consistent with observed differences between model-scale experiments and flight measurements, the generality of the effect of such geometry changes requires further study. The present two-dimensional simulations employ a profile from a certain spanwise location, and the geometric details, including those of the seals, may change in the spanwise direction. Furthermore, three-dimensional effects are known to have a strong impact on the development of the coherent structures in the cove region. Nonetheless, the current simulations suggest that previously ignored geometric details can have unexpectedly important influences on the unsteady features of high-lift flow fields. Similar unexpected changes may be present on other configurations such as flap edges, but possibly complex interactions between the geometric details and the flow require each case to be evaluated separately. Further study and experiments are needed to confirm whether these kinds of details are responsible for the discrepancies between model and full-scale slat measurements.
